Sun P, Yue P, Wang WH. Angiotensin II stimulates epithelial sodium channels in the cortical collecting duct of the rat kidney. Am J Physiol Renal Physiol 302: F679 -F687, 2012. First published December 14, 2011 doi:10.1152/ajprenal.00368.2011.-We examined the effect of angiotensin II (ANG II) on epithelial Na ϩ channel (ENaC) in the rat cortical collecting duct (CCD) with single-channel and the perforated whole cell patch-clamp recording. Application of 50 nM ANG II increased ENaC activity, defined by NPo (a product of channel numbers and open probability), and the amiloride-sensitive whole cell Na currents by twofold. The stimulatory effect of ANG II on ENaC was absent in the presence of losartan, suggesting that the effect of ANG II on ENaC was mediated by ANG II type 1 receptor. Moreover, depletion of intracellular Ca 2ϩ with 1,2-bis(2-aminophenoxy)ethane-N,N,N=,N=-tetraacetic acid (BAPTA)-AM failed to abolish the stimulatory effect of ANG II on ENaC but inhibiting protein kinase C (PKC) abolished the effect of ANG II, suggesting that the effect of ANG II was the result of stimulating Ca 2ϩ -independent PKC. This notion was also suggested by the experiments in which stimulation of PKC with phorbol ester derivative mimicked the effect of ANG II and increased amiloride-sensitive Na currents in the principal cell, an effect that was not abolished by treatment of the CCD with BAPTA-AM. Also, inhibition of NADPH oxidase (NOX) with diphenyleneiodonium chloride abolished the stimulatory effect of ANG II on ENaC and application of superoxide donors, pyrogallol or xanthine and xanthine oxidase, significantly increased ENaC activity. Moreover, addition of ANG II or H2O2 diminished the arachidonic acid (AA)-induced inhibition of ENaC in the CCD. We conclude that ANG II stimulates ENaC in the CCD through a Ca 2ϩ -independent PKC pathway that activates NOX thereby increasing superoxide generation. The stimulatory effect of ANG II on ENaC may be partially the result of blocking AA-induced inhibition of ENaC.
angiotensin II type 1 receptor; protein kinase C; superoxide anions; Na transport THE CORTICAL COLLECTING DUCT (CCD) is responsible for the hormone-regulated Na absorption and plays a significant role in determining the amount of the final renal Na excretion. Na enters the cells across the apical membrane via epithelial Na ϩ channel (ENaC) and is extruded from the cell across the basolateral membrane through Na-K-ATPase. Two types of Na channels, 4 -6 pS and 28 pS, have been identified in the collecting duct (24, 30, 31, 34) . However, it is generally accepted that the 4 -6 pS ENaC is mainly responsible for the Na entry across the apical membrane in the CCD (1, 13) . The rate-limiting step of transepithelial Na transport in the CCD is the apical Na conductance (20) . This is determined by the number of ENaC in the apical membrane and the channel open probability. An increase in either ENaC number or channel open probability should augment the apical Na conductance and lead to the stimulation of Na absorption. For instance, Liddle's syndrome, an inherited form of hypertension, is the result of increase in the apical ENaC in the CCD (36, 37) .
A large body of evidence indicates that ANG II plays an important role in the regulation of NaCl transport in the distal nephron segments (6, 11, 32, 33) . Luminal application of ANG II has been shown to stimulate the apical entry of Na in the CCD, an effect that was blocked by benzamil and losartan, suggesting that ANG II stimulates ENaC activity via angiotensin II type 1 receptor (AT1R) in the CCD (33) . Although the role of ENaC in ANG II-induced increase in Na absorption in the CCD has been established, the mechanism by which ANG II stimulates ENaC is not completely understood. Systemic infusion of ANG II has been reported to increase protein abundance of ENaC ␣-subunit (6) . However, it is unlikely that the stimulation of Na transport induced by acute application of ANG II in the isolated CCD is the result of increasing ENaC transcription or translation. ANG II has been shown to stimulate NADPH oxidase (NOX) and increase superoxide generation in a variety of tissues and the role of superoxide anions in stimulating ENaC has been demonstrated by several investigators (16, 35, 45) . Yu et al. (45) reported that increasing superoxide production induced by application of aldosterone diminished the nitric oxide (NO)-mediated inhibition of ENaC thereby increasing ENaC activity. Similar observation has been reported in lung epithelial cells in which superoxide anions antagonize the inhibitory effect of NO on ENaC (16) . We previously demonstrated that Cypepoxygenase-dependent metabolism of arachidonic acid (AA) inhibited ENaC activity in the CCD (41) . The aim of the present study is to examine whether ANG II and superoxide anions counter the inhibitory effect of ENaC by Cyp-epoxygenase-dependent metabolism of AA.
METHODS

Preparation of CCDs.
Male Sprague-Dawley rats (5 to 6 wk, Ͻ90 g) were used in the experiments and were fed with control diet (1% K and 0.4% Na) for 7 days. In some experiments as indicated in the figure legends, animals were fed with a high-K (2.5% KCl) diet for 7 days to increase the probability of finding ENaC. Animals were killed by cervical dislocation and kidneys were immediately removed. The kidney was then cut into several 1-mm-thin slices from which the CCDs were isolated. The isolated CCDs were placed on a 5 ϫ 5-mm cover glass coated with poly-lysine and the cover glass was transferred to a chamber (1,000 l) mounted on an inverted Nikon microscope. The CCDs were superfused with HEPES-buffered NaCl solution. To gain access to the apical membrane, the CCDs were cut open with a sharpened micropipette. The protocol was reviewed and approved by an independent Animal Use Committee from New York Medical College.
Patch-clamp technique.
For single-channel recording, an Axon200B patch-clamp amplifier was used to record channel current. The Na current was recorded and digitized by an Axon interface (Digidata 1322). Data were analyzed using the pClamp software system 9.0 (Axon). Channel activity defined as NP o was calculated from data samples of 60-s duration. This 60-s trace was selected as a representative channel activity from an at least 5-min-long steady state. NPo ϭ Α(t1 ϩ 2t2 ϩ. . . . . . iti), where ti was the fractional open time spent at each of the observed current levels. The bath solution for singlechannel recording contains (in mM) 140 NaCl, 5 KCl, 1.8 CaCl 2, 1.8 MgCl2, and 10 HEPES (pH 7.4). The pipette solution was composed of (in mM) 140 NaCl, 5 KCl, 1.8 Mg2Cl, and 5 HEPES (pH 7.4). The principal cells (PCs) were recognized by their typical hexagonal shape and large flat surface. For whole cell clamp measurements, tubules were superfused with solutions containing (in mM) 135 Na methanesulfonate, 5 KCl, 2 CaCl 2, 1 MgCl2, 2 glucose, 5 mM BaCl2, and 10 HEPES adjusted to pH 7.4 with NaOH. The patch-clamp pipettes were filled with solutions containing (in mM) 7 KCl, 123 aspartic acid, 20 CsOH, 20 TEAOH, 5 EGTA, 10 HEPES, 3 MgATP, and 0.3 NaGDP␤S with the pH adjusted to 7.4 with KOH. For conducting the perforated whole cell recording, the pipettes were back filled with amphotericin A (20 mg/ml) containing pipette solution. The total concentration of K ϩ was 120 mM. Amiloride-sensitive currents were measured as the difference in current with and without 10 M amiloride in the bath solution.
Chemicals and statistics. All the chemicals used in the present experiments were purchased from Sigma (St. Louis, MO). The data are presented as means Ϯ SE. We used Student's t-tests or one-way ANOVA to determine the statistical significance. If the P value was Ͻ0.05, the difference will be considered to be significant.
RESULTS
ANG II stimulates ENaC activity.
We first used the singlechannel patch-clamp recording to examine the effect of ANG II on ENaC in the CCD of rats on a normal rat chow (0.4% Na). Figure 1A is a channel recording showing the effect of 50 nM ANG II on ENaC in a cell-attached patch. We used 50 nM ANG II because a previous study demonstrated that 50 nM ANG II caused a maximal stimulation of AT1R (46) . We confirmed that ENaC activity in the CCD of rats on a normal-Na diet was low (the mean NP o in 10 patches was 0.01 Ϯ 0.01) (29, 38) . However, application of ANG II (50 nM) increased ENaC activity to 0.4 Ϯ 0.08 (N ϭ 12). Moreover, the effect of ANG II could be observed in the CCD treated with aldosterone antagonist (10 M spironolactone; data not shown). Thus, the stimulatory effect of ANG II on ENaC was most likely achieved by an aldosterone-independent mechanism.
After showing that application of ANG II stimulates ENaC channel activity at a single-channel level, we also used the perforated whole cell patches to measure the amiloride-sensi- Fig. 1 . A: channel recording shows the effect of 50 nM ANG II on epithelial Na ϩ channel (ENaC) activity in the cortical collecting duct (CCD). The experiments were performed in a cell-attached patch and ANG II was directly added to the bath. The top 2 traces show the channel activity before ANG II and the bottom 2 traces demonstrate ENaC activity after addition of ANG II. The channel closed level is indicated by "C" and the holding potential was 60 mV (hyperpolarization). B: perforated whole cell recording shows the effect of ANG II (50 nM) on the amiloride-sensitive whole cell Na currents in a principal cell (PC) of the CCD. The bath solution contains (in mM) 135 Na methanesulfonate, 5 KCl, 2 CaCl2, 1 MgCl2, 2 glucose, 5 BaCl2, and 10 HEPES adjusted to pH 7.4 with NaOH. The pipette solution was composed of (in mM) 7 KCl, 123 aspartic acid, 20 CsOH, 20 TEAOH, 5 EGTA, 10 HEPES, 3 MgATP, and 0.3 NaGDP␤S with the pH adjusted to 7.4 with KOH. The PC was clamped from Ϫ100 to 60 mV with 20-mV increment. The Na currents were determined by adding amiloride (10 M) at the end of experiments. C: current-voltage (I-V) plot summarizes 6 experiments similar to those demonstrated in B. *Significant difference between ANG II's group and the corresponding control value. Fig. 3 . A: whole cell recording shows the effect of ANG II (50 nM) on amiloride-sensitive Na currents at Ϫ100 mV in the presence of 1,2-bis(2-aminophenoxy)ethane-N,N,N=,N=-tetraacetic acid (BAPTA)-AM (50 M). B: I-V plot summarizes results of the experiments in which the effect of ANG II on the whole cell Na currents was examined in the presence of BAPTA-AM. C: whole cell recording shows the effect of phorbol-12-myristate 13-acetate (PMA; 5 M) on amiloride-sensitive Na currents at Ϫ100 mV in the presence of BAPTA-AM. D: I-V plot summarizes the results of experiments in which the effect of PMA on whole cell Na currents was examined in the presence of BAPTA-AM. The CCD was incubated with BAPTA-AM-containing solution for 10 min before adding ANG II or PMA. The whole cell Na currents in PC were measured with the perforated whole cell recording from Ϫ100 to 60 mV with 20-mV increment. The Na currents were determined by adding amiloride at the end of experiments. *Significant difference between control and experimental groups. tive Na currents in principal cell (PC) treated with ANG II. The advantage of using the whole cell recording is to allow us quantitatively to analyze the effect of ANG II on ENaC at the whole cell level. Figure 1B is a typical whole cell recording showing the effect of ANG II on the amiloride-sensitive Na currents in the PC of rats on a normal-Na diet. After a high-resistance seal was formed, cell membrane was perforated with amphotericin B. We measured Na currents by clamping the cell membrane from Ϫ100 to 60 mV in the presence of or in the absence of 50 nM ANG II. At the end of the experiments, we added amiloride to dissect the amiloride-sensitive Na currents. Figure 1B shows the amiloride-sensitive whole cell Na currents before (left) and after ANG II (right). It is apparent that application of ANG II increased the amiloride-sensitive Na currents in PC. Figure 1C is the current-voltage (I-V) plot summarizing experiments in which the effect of ANG II (50 nM) on the amiloride-sensitive Na currents was examined with the whole cell recording. ANG II increased amiloride-sensitive whole cell Na currents from 528 Ϯ 52 to 1,244 Ϯ 272 pA at Ϫ100 mV (N ϭ 6) within 5-10 min. The stimulatory effect of ANG II on ENaC was mediated by AT1R because inhibition of AT1R with losartan abolished the effect of ANG II on ENaC. Figure 2A is a whole cell recording demonstrating the effect of ANG II (50 nM) on the Na currents in the CCD treated with losartan (10 M). It is apparent that ANG II failed to activate ENaC in the presence of losartan since the amiloride-sensitive Na currents were similar between the control group (410 Ϯ 50 pA, N ϭ 5) and ANG II's group (420 Ϯ 50 pA, N ϭ 5; Fig.  2B ). Therefore, single-channel and the whole cell patch-clamp experiments confirmed the previous reports that ANG II stimulates ENaC by an aldosterone-independent and AT1R-dependent mechanism (6, 33) .
Effect of ANG II on ENaC is mediated by a Ca 2ϩ -independent protein kinase C. After demonstrating that ANG II stimulated ENaC through activating AT1R, we explored the cellular signaling pathway by which ANG II activated ENaC. The stimulation of AT1R has been shown to activate protein kinase C (PKC) and to increase the intracellular Ca 2ϩ (39) . However, since an increase in intracellular Ca 2ϩ has been shown to inhibit ENaC activity through activating the Ca 2ϩ -dependent PKC pathway (12) , it is unlikely that ANG II-induced stimulation of ENaC is the result of an increase in intracellular Ca 2ϩ . This hypothesis was tested by reexamining the effect of ANG II on Na currents in the CCD treated with 1,2-bis(2-aminophenoxy)ethane-N,N,N=,N=-tetraacetic acid (BAPTA)-AM (50 M), a membrane-permeable form of BAPTA that is an intracellular Ca 2ϩ chelator. Figure 3A is a recording showing the amiloride-sensitive Na currents measured at Ϫ100 mV with perforated whole cell recording before and after ANG II in the CCD treated with BAPTA-AM. Although the whole cell Na current in PC treated with BAPTA-AM was slightly smaller (276 Ϯ 15 pA) than those in untreated cells (Fig. 1) , application of ANG II still significantly increased Na currents to 515 Ϯ 50 pA at Ϫ100 mV (n ϭ 4; Fig. 3B ). This suggests that the stimulatory effect of ANG II on ENaC was mediated by a Ca 2ϩ -independent mechanism. To test whether a Ca 2ϩ -independent PKC might mediate the effect of ANG II on ENaC, we examined the effect of phorbol-12-myristate 13-acetate (PMA; 5 M) on ENaC in the CCD treated with BAPTA-AM. Figure  3C is a whole cell recording showing the effect of PMA on Na currents measured at Ϫ100 mV. It is apparent that the stimulation of PKC with PMA activated Na channels in the CCD treated with BAPTA. The effect of PMA on ENaC was mediated by a Ca 2ϩ -independent PKC because PMA failed to activate ENaC in the CCD treated with 100 nM calphostin C (data not shown). Data summarized in Fig. 3D show that 5 M PMA significantly increased the amiloride-sensitive Na currents from 268 Ϯ 58 to 525 Ϯ 92 pA at Ϫ100 mV (N ϭ 4) .
The notion that a Ca 2ϩ -independent PKC may mediate the stimulatory effect of ANG II on ENaC was further tested by examining the effect of ANG II on ENaC in the CCD treated with PKC inhibitors. Figure 4A is an I-V curve summarizing five experiments in which amiloride-sensitive Na currents were measured from Ϫ100 to 60 mV before and after ANG II (50 nM) in the CCD treated with GF109203X (5 M). It is apparent that inhibition of PKC abolished the stimulatory effect of ANG II on ENaC. Application of ANG II failed to increase the amiloride-sensitive Na currents in the presence of GF109203X (control 405 Ϯ 50 pA; ANG II 415 Ϯ 60 pA). We also repeated the experiments with other PKC inhibitors since GF109203s could also inhibit kinases other than PKC. Results are summarized in Fig. 4B showing that application of calphostin C (100 nM) also abolished the stimulatory effect of ANG II on ENaC (Fig. 4B) . Taken together, results indicate that ANG II stimulates ENaC through a Ca 2ϩ -independent PKC pathway. Superoxide mediates the effect of ANG II to ENaC in the CCD. ANG II has been shown to stimulate the generation of superoxide and related products by activating NADPH oxidase (NOX) in a variety of tissues including the kidney (35, 43, 48) . Moreover, superoxide anions have been shown to stimulate Na channels in A6 cells (45) . Thus, we next examined the role of NOX in mediating the effect of ANG II on ENaC by exploring the effect of ANG II on ENaC in the CCD treated with diphenyleneiodonium chloride (DPI; 10 M), an agent that inhibits NOX. From inspection of the I-V plot shown in Fig. 5A , it is clearly demonstrated that inhibition of NOX completely abolished the effect of ANG II on ENaC. In the presence of DPI, ANG II did not significantly increase the amiloride-sensitive Na currents (493 Ϯ 113 pA, a value not significantly different from the control currents, 421 Ϯ 87 pA; N ϭ 3), suggesting that ANG II stimulates ENaC by activating NOX. We also tested the possibility that stimulation of PKC-induced increase in Na currents was the result of activation of NOX by examining the effect of PMA, which increased Na currents in the presence of BAPTA-AM (Fig. 3C ) with the whole cell recording. Data summarized in Fig. 5B demonstrate that inhibition of NOX also abolished the effect of PMA (5 M) on ENaC in the CCD (N ϭ 4) . This suggests the possibility that ANG II increases ENaC activity by stimulating PKC-NOX pathway.
Superoxide anions activate ENaC. To further demonstrate the role of superoxide anions in stimulating ENaC activity, we examined the effect of pyrogallol, a superoxide donor, on the Fig. 6 . A: whole cell recording shows the effect of pyrogallol (100 M) on amiloridesensitive Na currents at Ϫ100 mV. B: I-V plot summarizes the effect of pyrogallol (100 M) on the whole cell Na currents in the PC. C: bar graph summarizes the effect of pyrogallol and xanthine (0.3 mM)/xanthine oxidase (7 U/ml) on the amiloride-sensitive whole cell Na currents at Ϫ100 mV measured with perforated patches.
amiloride-sensitive Na currents with the perforated whole cell recording. Figure 6 is a whole cell recording of Na current measured at Ϫ100 mV, demonstrating that pyrogallol increased Na currents compared with the control. The I-V plot (Fig. 6B) summarizes four experiments in which the effect of pyrogallol on the amiloride-sensitive Na currents was examined. Application of pyrogallol (100 M) increased Na currents from 360 Ϯ 64 to 990 Ϯ 90 pA at Ϫ100 mV. Similar results were observed in experiments in which we measured the Na currents in the PC of the CCD treated with xanthine (0.3 mM) and xanthine oxidase (7 U/ml). Figure 6C is a bar graph summarizing five experiments demonstrating that addition of xanthine/xanthine oxidase increased Na currents from 322 Ϯ 80 to 815 Ϯ 138 pA at Ϫ100 mV. The results support the role of superoxide anions in mediating the stimulatory effect of ANG II on ENaC.
ANG II and superoxide-related products diminished the AA-induced inhibition of ENaC. After demonstrating that ANG II stimulated ENaC through a superoxide-dependent mechanism, we explored the mechanism by which superoxide-related products activated ENaC. Superoxide-related products such as H 2 O 2 have been shown to inhibit CYP epoxygenase activity (22) . Since CYP epoxygenase-dependent metabolites of AA inhibit ENaC in the CCD (42), we suspect that superoxiderelated products might stimulate ENaC activity through blocking AA-induced inhibition of ENaC in the CCD. To test this possibility, we examined whether H 2 O 2 could interfere with the inhibitory effect of AA on ENaC. Figure 7A is a channel recording in a cell-attached patch of the CCD showing that application of 10 M AA inhibited ENaC activity in the CCD. However, treatment of the CCD with H 2 O 2 (100 M) attenuated the effect of AA on ENaC (Fig. 7B ). In the presence of H 2 O 2 , AA decreased channel activity from 1.65 Ϯ 0.13 to 1.15 Ϯ 0.1 or by a modest 30 Ϯ 5%, whereas the AA reduced ENaC NP o from 1.2 Ϯ 0.1 to 0.25 Ϯ 0.05 or by 80 Ϯ 10% (N ϭ 5) in the absence of H 2 O 2 ( Fig. 7C ; the patches with similar NP o were selected for the experiments). We next examined whether ANG II-induced stimulatory effect was also, at least in part, the result of attenuating the inhibitory effect of AA on ENaC by examining the effect of AA on ENaC in the absence of or in the presence of ANG II. Figure 8A attenuating the inhibition of Na channel by CYP-epoxygenasedependent AA metabolism.
DISCUSSION
The main finding of the present study is that ANG II stimulates ENaC through the activation of AT1R. Because the stimulatory effect of ANG II on ENaC was observed in single PC of the isolated CCD, the effect of ANG II on ENaC is most likely aldosterone independent. Relevant to the present observation is the report that luminal application of ANG II stimulated the apical entry of Na in the CCD, an effect that was blocked by benzamil and losartan (33) . A large body of evidence indicates that ANG II may stimulate NaCl transport in the distal nephron segments by an aldosterone-independent mechanism (6, 11, 32, 33) . Chronic ANG II infusion decreased urinary Na excretion and increased Na absorption in the distal nephron in mice. This effect was not abolished by spironolactone, suggesting that ANG II-induced stimulation of Na transport was not the result of high aldosterone (47) . Moreover, systemic infusion of ANG II has been reported to increase protein abundance of ENaC ␣-subunit (6). Because the effect was not blocked by spironolactone, ANG II should have a direct effect on the expression of ENaC ␣-subunit. Also, ANG II has been shown to stimulate Na absorption and to increase the transcription of ENaC in the colon (15) . However, in the present study, we observed the stimulatory effect of ANG II on ENaC within 5-10 min. Therefore, it is unlikely that ANG II-induced increase in Na currents is due to facilitating protein translation in the CCD.
Instead, the present study indicates that the stimulatory effect of ANG II on ENaC was mediated by a Ca 2ϩ -independent PKC because inhibition of PKC abolished the effect of ANG II on ENaC. The role of PKC in regulating ENaC is well-established (2, 8, 12) ; however, these studies focused on the role of PKC in inhibiting ENaC rather than in stimulating ENaC. For instance, classic (Ca 2ϩ -dependent) PKC was responsible for mediating the inhibitory effect of Ca 2ϩ on ENaC in the CCD (12, 25) . Also, PKC has been shown to stimulate endocytosis of ENaC (2) and to promote ␤-and ␥-subunit degradation through activation of the ERK1/2 (8) . Two lines of evidence suggest that the stimulatory effect of ANG II on ENaC was mediated by Ca 2ϩ -independent PKC isoforms: 1) ANG II was still able to activate ENaC in the CCD treated with BAPTA-AM and 2) PMA mimicked the effect of ANG II and increased ENaC activity in the CCD treated with the intracellular Ca 2ϩ chelator. Therefore, it is conceivable that Ca 2ϩ -independent PKC is responsible for activation of ENaC. Moreover, the stimulatory effect of PKC on ENaC was the result of activation of NOX, although we could not completely exclude the possibility that PKC phosphorylates ENaC thereby stimulating ENaC. This notion is supported by the observation that inhibition of NOX abolished the effect of PMA on Na channels in the CCD. Also, the finding that inhibition of NOX abolished the effect of ANG II on ENaC strongly suggests that superoxide anions or their related products are involved in mediating the stimulatory effect of ANG II on ENaC.
A large body of evidence demonstrated that ANG II stimulates the generation of superoxide anions and related products in a variety of tissues including the nervous system, heart, vascular system, and kidney (26, 35, 43, 48) . Also, ANG II-induced increase in superoxide anions plays an important role in ANG II-mediated hypertension and organ damages (21, 35, 43) . ANG II-induced stimulation of superoxide generation is through the activation of AT1R (10, 35, 43) . We previously demonstrated that inhibition of AT1R significantly decreased superoxide generation in renal tubules (17) . Five isoforms of NOX have been cloned and identified in different tissues (5) . However, NOXII and NOX4 are mainly expressed in the kidney (35) . Immunocytochemistry demonstrated that p22 Phox , p67
Phox , and p47 Phox , three important components of NOXII, are expressed in the collecting duct (9) . The role of PKC in mediating the stimulatory effect of ANG II on NOXII activity is well-established (28) . One mechanism by which PKC activates NOX is to phosphorylate p47
Phox (7), thereby facilitating the translocation of phosphorylated p47
Phox from cytosolic complexes to the plasma membrane (5) to interact with gp91
Phox and p22 Phox complex (4, 14) . We previously demonstrated that the generation of superoxide and related products was significantly attenuated in gp91
Phox (Ϫ/Ϫ) mice (3), suggesting that NOXII plays a role in generating superoxide in the renal tubule including the CCD.
Accumulated evidences indicated that superoxide anionrelated products play a role in stimulating renal Na absorption (44) . It has been reported that H 2 O 2 stimulated luminal Na/H exchange and Na-K-2Cl cotransporter in the thick ascending limb (18, 19) . The effect of superoxide anions on ENaC depends on tissue types: superoxide-related products inhibited ENaC in lung epithelial cells (23, 40) while they stimulated ENaC activity in A6 cells (45) . However, the mechanism by which superoxide anions stimulate ENaC in renal tissue is not clear. H 2 O 2 increases ENaC activity through stimulating PI3K in A6 cells (27) . In the present study, we showed that the presence of superoxide or its related products diminished the AA-induced inhibition of ENaC. Our previous study demonstrated that AA inhibited ENaC in the CCD by a CYPepoxygenase-dependent pathway and that 11,12-EET mediated the effect of AA on ENaC (41). To our interest, it has been reported that superoxide-related products inhibited the CYPepoxygenase activity (22) . Thus, it is conceivable that superoxide-induced stimulation of ENaC might be the result of inhibiting CYP-epoxygenase and diminishing AA-mediated inhibition of Na channels. Figure 9 is cell scheme illustrating a possible mechanism by which ANG II activates ENaC in the CCD. ANG II activates Ca 2ϩ -independent PKC through AT1R and, consequently, stimulates NOX. An increase in superoxide and related products could suppress the CYP-epoxygenasedependent AA metabolism thereby activating ENaC.
We conclude that ANG II stimulates ENaC in the CCD by activating a Ca 2ϩ -independent PKC that stimulates NOX and increasing the generation of superoxide anions. Also, ANG II-induced activation of ENaC is partially induced by reversing the inhibition of ENaC induced by CYP-epoxygenase-dependent AA metabolism.
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